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The forces due to beam-beam interaction set
the ultimate limit on the nprfgrmances of a stora ge

ring; I shall try to review briefly the status of the kno
wledge and the experimental data on the beam-beam li
mits.

In the following I shall refer mainly to electron
storage rings, with bunched beams and gaussian di-
stribution of the charge in three dimensions (x and z
transverse s longitudinal); I shall also assume (un-
less otherwise specified) the crossing of a weak beam
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being such that the strong beam is not appreciably af-
fected by the weak beam and can be considered as a fi

xed charge distribution.

Let us congider first the effect of the beam-
-beam interaction on the transverse motion; an use-
ful parameter is the linear Q-shift per crossing
given by:
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maximum value (for amplitude = 0), and it is positive
in the case of ete- collision, while for large amplitu-
des the Q-shift tends to 0; & is therefore also a mea
sure of the @Q spread per crossing introduced by the -
beam-beam interaction.

Various types of numerical computations have
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shown that the parameter §£ determines the beam-
and its maximum zallowed value is betwe-

bheam limit,

en 0.05 and 0.10, provided that particularly bad ope-
rating points be avoided; the total Q-shift per revolu-
tion is expected to be limited to values certainly not
higher than the digtance to the closest half-integer or
integer.

More recent computations on the stochasticity
limit due to the localized non-linear forces of the
beam-beam interaction have shown that the criterion

Af the vrocsAananse aran caual to the area of the QX’ Qy

of the resonance area equal to
diagram is fulfilled when § ~ (0.08+0.05), depending

on the beam shape, the larger values being for flat
beams(1).

As the luminosity that can be achieved depends
on the trasverse current density, eq. (1) shows that,
for a given maximum value of §, the luminosity can
be increased if the amplitude function is made small:
"low B" insertions(2) with B as low as 5 or 10 cm
have been designed and operated.

I want to remark here that the beam-beam for
ces are proportional to the transverse current densi-
ty, not to §; it is only the effect on the transverse
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depends on §.
beam-beam force has a longitudinal component, the
use of the "low B', allowing much bigger forces be-
fore running into troubles with the transverse motion,
may cause the longitudinal beam-beam instability to

become the dominant limit.
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motion that

The experimental data on the maximum values
of & achieved on existing rings are listed in table I;
they refer to the crossing of two beams of very simi-
lar current, and, therefore, should not be dir CLI..Ly
comparable with the computations on the stochasticity
limits. I may add that tests done on ADONE show that
the beam-beam limit at high energy (E > 1 GeV)
seems to be about the same for the two cases of weak-
~strong and strong-strong beams. Another remark on
the § measurement: it is an indirect method, which

TABLE I
nO of crossings ampl. funct. at the Max. Energy Max. Q-shift per Xing
m crossing f# ,(m) E (GeV) Em

Stanf. - Princeton 1 ~ 3,1 0.55 ~ 1072
VEPP-II 2 ~ 2 0.7 ~(0.5+1) x 1072
ACO 2 2,0; 4, 0.52 4x 10-2
ADONE 6 8,9; 3 1.5 3x 1072
CEA-Bypass(8) 1 0.046; 0.28 2.0 ~(2.5+5) x 1073
SPEAR 2 1,0; 0 2.6 8 x 10-2
ISR-CERN (pp)(b) 8 22, 6; 14, 9 28 ~ (5 +8)x 1074

{a) - In the CEA-bypass the beams interact at a distance over a large fraction of the ring; the Q-shift per cros

sing takes into account therefore only a part of the beam-beam force.
I The operation of the ISR-CERN is current limited, therefore the Q-shift per crossing is not at the beam-

{b) -
-beam limit.



requires the measurement of the luminosity L. and of
the current of the weaker beam I, together with the
knowledge of the imperturbed amplitude function at the
crossing and of the beam aspect ratio; from the lumi-
nosity formula and eq. (1) one obtains:
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Eq. (2) is valid under the assumption of gaussian di-
stribution, but the result does not critically depends
on the assumption; it has the advantage that it does
not require the measurement of quantities that are ve
ry difficult to determine accurately (like the beam
cross section).

The results of table I cover a quite large ran-
ge of energies and operating conditions. While the o-
perating point of ACO (slightly below an integer reso-
nance) does not allow values of § higher than 0,04
with two crossings per revolution, the behaviour of
ADONE and SPEAR seems to be in agreement with the
computations on the stochasticity limit. The important
fact is that the SPEAR operation has proved that the
assumption of a limit on § is valid also when the am-
plitude function is very small (as long as it is larger
than the bunch length).

The energy dependence of the maximum value
of £ observed on ADONE(3) in the two strong beams
operation (§ .,% 71.5 for energies lower than about
1 GeV) is not as yet understood; measurements in the
weak-strong case indicate that a similar energy depen
dence of § is observed below much lower energies
(0.5 + 0.6 GeV). The dynamics of a non linear system
close to the stochasticity limit is not yet well known;
models have been proposed where a relatively slow dif
fusion process depending on §, in competition with
the radiation damping, gives an energy dependence of
the maximum Q-shift(4); assuming that the diffusion
time constant is proportional to m=~1 §"2 (where m is
the number of crossings per revolution), this inter-
pretation is not in contrast with other experimental ob
servations, as the threshold energy, below which the
£ o yl.5 regime should start, turns out to be 250 MeV
for ACO (m=2) and 940 MeV for SPEAR (m=2), assu-
ming 1 GeV for ADONE (m=6}.

The extrapolation of these results to the case
of proton beams (either proton-proton or proton-elec-
tron) is not obvious, as the lack of a damping mecha-
nism enlarges the time scale of the dangerous pheno-
mena by many orders of magnitude. It is probable that
the beam-beam limit is set by slow diffusion proces~
ses, due to the non-linearity of the force, at values of
§ which might be an order of magnitude smaller than
the stochastic limit(5).

Discussing the transverse beam-beam limit,
it must be remembered that the beam-beam interac-
tion can limit the current also when the beams are se-
parated, as it usually happens at injection when one
wants to store currents higher than those allowed by
the beam-beam limit at the injection energy. In this
case one has to take into account that the injected
beam can be much longer than the regime dimension;
in general it turns out that a "low g' in the direction
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of the beam separation must be avoided; the beam-
beam separation required will depend also on the tran
sverse emittance of the injected beam, besides its e-
nergy and maximum stored current.

It has been already mentioned that the beam-
-beam interaction can affect also the longitudinal mo-
tion; three different cases have been so far conside-
red, namely:

a) when the beams cross at an angle the beam-
~beam force has a longitudinal component(s);

b) when the beams cross in a region where the
off-energy function ¥ is not zero the transverse
beam-beam force changes the relationship between e-
nergy of the particle and its orbit length, affecting the
refore the synchrotron motion(7 ; -

c) the variation of the beam cross section at
the interaction region, very pronounced when the #
is low, gives rise to a longitudinal force(8).

These three effects change the synchrotron fre
quency (lowering it in the e*e~ collisions); the first B
and the third ones give a limit on the beam current per
bunch, while the second one gives a limit on the trans
verse density. -

With certain assumptions (essentiallythat the
beam dimensions are the ones given by radiation fluc-
tuations) the relative change of the synchrotron fre-
quency squared 4, defined as:
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where QO and QS are the unperturbed and the actual
synchrotron frequencies, are given by:
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where: ¢ is the r.m.,s. energy spread in the beam;

axﬁ , O0y4g are the r,m,s, betatron and syn-
chrotron widths ;
is the r.m, s, beam length;

I

a is the momentum compaction

m is the number of crossing per revolution,

Eq. (4a) and (4b) refer to a crossing angle
44 70 and to an off-energy function ¢, #0, Loth in
the x direction, Which is the maximum allowed va-
lue for 4 is an open question; at A=0. 5 one should
get coherent instabilities!9) and, certainly, at 4=1
incoherent instability (the synchrotron frequency be-
comes zera); on ADONE 4, is about 0.4 in normal
operating conditions, without indications of longitudi-



nal instability, while some preliminary resulis on low
B tests, with higher values of 4, might be interpre
ted as due to a longitudinal limitation,

Eqgs. (1) and (4) show that the energy depen-
dence of the maximum current per bunch is the sa-
me for the two beam-beam limits, transverse and
longitudinal, in the assumption that they are defined
by a value of £, and 4, independent from energy
and that each beam transverse dimension is propor
tional to y; the maximum current per bunch is pro-
portional to 73 and the luminosity turns out to be

proportional to y4.

A last remark on the space charge compen-
sation method proposed by the Orsay group(lo); in
the crossing of four beams (two positive and two ne
gative) of equal current and charge distribution the
re are no beam-beam forces, The critical point of
the method is the stability of the system of four
beams, besides the practical question of their equa
lity; at very high transverse density (corresponding
to £ » 1 for a single beam) the system is unstable
for coherent motion{11), but, as far as I know, the
re are no quantitative evaluations of the transverse
density at the stability limit,
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DISCUSSION

BEAM-BEAM LIMITS

E. D. Courant: One thing that puzzles me is why this linear
tune shift should have anything to do with the beam-beam
limit, because the blow-up is a nonlinear effect and the
answer is presumably that the nonlinear components of

the force are roughly proportional to the linear components

of the beam.
A. M. Sessler: It is not only rough; it is exact.

F. Amman: Yes, it is exact because usually one defines
the limit when the beam shape is not changed too much.

Sessler: That is, there is only one parameter that char-
acterizeg the problem.

Courant: Well, I would like to propose a second one. From
all the ideas we have about the mechanism of the nonlinear
blow-up it must depend upon the Fourier spectrum of the
nonlinear excitations. Therefore, it should be expected
that the higher-order harmonics would go down if the

length of the interaction region is comparable to the 3

at the interaction region, and therefore the stochastic limit
on the tolerable value of the linear Q shift should increase
if the interaction region is more diffuse and is longer, com-
pared to the 3 at the interaction region.

P. L. Morton: Would you have a similar conclusion if the
number of interaction regions were changed, which cer-
tainly changes the number of resonances that are available
for this nonlinear blow-up?

J. M. Paterson: We have very limited data on that point,
30 let me give you the observations. At SPEAR we did one
quick experiment where, instead of having two interacting
beams, we separated the beams in one interaction region
and just observed the effects while we were running near
the beam-beam limit. Whenever we separated the beams
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in one interaction region the beams were not quite lost but
they blew up to very large dimensions and were on the verge
of being loat, and the luminosity went down. We have not
done more gystematic measurements but it is certainly in-
dicated that, for a periodicity of one, the beam-beam effect
appears to be much larger than with the normal periodicity
of two, I might point out that we should learn a lot from
SPEAR about this periodicity question in the near future,
because when we start up again there is a very large object
known as the magnetic detector which, if we don't do some-
thing about it, makes the SPEAR periodicity one. We do
plan to compensate for this effect with the corrections
available and one should be able to change the periodicity
effects by small amounts rather than just turning it on and
off at one interaction region. It should be interesting to

see the effects.

Morton: I would like to ask Amman a question. As I under-
stand it, you use the mechanism of Arnold diffusion to get
the particles' amplitude up to the stochastic limit for both
protons and electrons. Now, the electrons have a radiation
damping, which means that you need much more Arnold
diffusion for the electrons. This mechanism appears to be
in conflict with the results of the previous paper by Wiede-
mann which were that you shift the particles' linear tune

to a single resonance which carries the amplitude up to the
stochastic limit. If you use this mechanism instead of
Arnold diffugion then, unlike Arnold diffusion, you would
have the same beam-beam limit for protons and electrons.

Amman: My point is that there is a stochastic limit. The
ADONE results with the two crossings inste ad of gix (in my
opinion) do not show a definite limit as given by one reso-
nance. Then we have the energy dependence of £ in ADONE,
and I am not talking of Arnold diffusion in that case. What

I am saying is that close to the stochastic limit nobody
knows what the diffusion coefficient is. The coefficient as



calculated by Chirikov is valid only far from the stochastic
limit, Our results are gompatlble with a diffusion coeffic -
ient proportional to ¢ ~“ which is completely different from
the Arnold diffusion coefficient that is an exponential. Then
Keil's computation on Arnold diffusion far from the sto-
chastic limit in order to have a diffusion coefficient of the

order of one day. Agam, this is in two dimensions, and in
going to three dimensions there may be other diffusion
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processes.

B, Zotter: There were some preliminary experiments on
the ISR to see if Arnold diffusion explained the enhanced
beam loss which we now believe is due to electron-proton
coupling. The experiment was to neutralize several pockets
rather than one. The results of this experiment indicated
that this enhanced heam loss was not due to Arnold diffusion.

Morton: I think that it is very import'mt what the real
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beam-beam limit is down by 1/10 due to Arnold diffusion
for protons.

Sessler: There is a real principle involved here which is
extremely important. What Wiedermann is saying or sug-
gesting is that you use the old Amman-Ritson formula for
the Q shift except that you don't take the shift to the integral
resonance but nn?u to the nearest 1mnnr¢ﬁnf resonance,
That's one theory The other theory is much more sophisti-
cated, and may be wrong, and that says that nonlinearity
dominates the problem and, of course, if you are stupid
enough to sit near a strong machine resonance then of course
you will have trouble. But if you operate the machine in-
telligently, far from such a resonance, and then the great
body of theory says you are not able toshift all the way over
to the nearest strong resonance, but long before that you

hit a stochasticity limit, That is, at a beam intensity much
less than that required to shift to this resonance you get

.Yy z ane Sva ite Aiffaneant nichiisnaa and u
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need to find out which is really true, in order to extrapolate
to new machines -~ especially proton storage rings.

Zotter: Don't you expect that SPEAR, with a tune of 5.1,
is far enough away from 5.25 for the Arnold diffusion
theory to apply?

Sessler: But the data may not indicate that.

Morton: It appears that we will not agree here on the cri-
teria for the beam-beam for protons to be used in ISABELLE
and PEP designs. So, in the remaining few minutes I would
like to ask people to direct their comments to the types of
experiments or studies that are necessary to settle this
question.

Zotter: I would like to comment that we have an experiment
by Keil coming up that uses a nonligear lens to excite non-
linear forces very close to the beam in order to settle the
question of Arnold diffusion.
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Segsler: That will be for an unbunched beam, and of course
one will want to do that for a bunched beam, Furthermore,
there will always be some peopie who will say that not all
nonlinear forces are the same and that a magnet makes
different nonlinear forces from a beam. So it would be
interesting to have some real beam experiments.
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A, van Steenbergen (BNL); In the SPEAR experiment when
you go from two-fold to one-fold pericdicity, do you know
how you change the parameter ¢ ?

Paterson: No, we don't change £ per interaction region
Let me put thig measurement in perspective.

rhrecthh
This experiment was done in the last two hours on the

last day of the January cycle and, given another day to
think about it, we might have done different measurements.
The observation is quite simple: All we did was separate
the beam electrostatically in one interaction region and
turn on and off the separation plates, and observe the beam
behavior. When the beams were separated in one inter-
action region, the beams blew up. When they were brought
into collision at both interaction regions again the beam
gize returned to normal,

Amman: The interpretation of this result depends upon the
numbers, because when you have only one crosgsing region
the relationship between the ¢ and the AQ changes. So,

if the real AQ is the good parameter the AQ is too high,
and one must know the numbers for interpretation.

Amman: Anyway, in ADONE we don't observe any of these

If we have nnlv two crossing repions, the AQ
ing reg 8, the AQ

allowed per mteractlon region is only slightly higher than
the AQ allowed per interaction region with 6 crossings, but
only slightly higher-about 1.5, certainly not 3 times as
high.
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Sessler: The last 40 minutes have been devoted to the beam-
beam interaction and that is, of course, vital because if the
AQ differs by a factor of 5 or 10 from what we think, then
we will be off by a factor of 25 - 100 in the luminosity of the
next generation of storage rings. However, one can take
comfort from the fact that there are experiments going on.

I don't for a minute believe the theory. From the obser-
vations on ISR and SPEAR we will have a solid basis for
future designs. I want to point out that there is another
phenomenon which is important in the design of these new
machines; in particular, the electron-positron machines.
That is the bunch length which is a topic we didn't discuss.
This is almost of the same importance and this is another
area in which we need experiments and hopefuh, we will

get those experiments before we design bigger machines.

Amman: I must make a comment. We need theories be-
cause all of the experiments agree. The experiments on
ACO, ADONE, and SPEAR all agree, so what we need is
theories, not experiments.



